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ABSTRACT 
 
 
 
 Being the most abundant protein in the body, by mass, type I collagen provides the 
building blocks for tissues such as bone, extra-cellular matrix, tendons, cornea, etc[1-3].  The 
ability of a single protein to create structures with such various mechanical properties is not fully 
understood.  Before one can engineer and assemble a complex tissue, such as cornea, the 
mechanisms underlying the formation and assembly, mechanical properties, and structure must 
be investigated and quantified.  The work presented herein contains an extensive study of Type I 
collagen from the molecular to the tissue level. 
 The engineering of collagenous tissues that mimic the mechanical and optical properties 
of native human cornea have been performed by a number of groups[4-7].  In all of these studies, 
the corneal-mimicking tissues have been created using a number of methods including repeated 
flow casting.  To date, the ability to create self-assembled corneal tissue has not been achieved.  
Understanding the mechanisms of formation of native cornea will not only bring us closer to 
achieving self-assembled transplantable corneal tissue but will also aid in the engineering of all 
collagenous tissues and other structures comprised of filamentous units. 
 Recently, the study of type I collagen has primarily focused on the tissue, fiber, and fibril 
scale[2, 8-21].  Grant, et al.[20] measured the elastic modulus of collagen fibrils in various 
! vii 
solutions and found that by increasing ion concentration, in the solution around the fibril, the 
elastic modulus increased.  The solution dependent behavior of the elastic modulus of collagen 
fibrils was measured but the cause of the dependence was unknown.  Grant et al. state that due to 
the complex nature of the interactions between collagen fibrils and aqueous solutions, the exact 
cause of this effect is difficult to determine.  Through work presented herein, not only do we 
show that this behavior is seen at the molecular level but also quantify the relationship between 
ionic concentration and molecular stiffness for a variety of ionic species. 
 Studies of collagen mechanics, on the molecular level, are brief[22-26].  The most 
prominent of these studies in recent years was performed by Sun, et al.[27] wherein a persistence 
length of 14.5nm, for human type I procollagen, was measured.  The persistence length of the 
molecule, which is a measure of flexibility, is a highly debated topic with quoted values of 
14.5nm[27], 57nm[28], 130nm[29], 175nm[30], 308nm[31], and 544nm[32].  The broad range of 
values indicates that the flexibility of the collagen molecule is a complex question. 
 It became apparent that the disagreement of the persistence length of molecular collagen 
in the literature may be due to the use of different ionic solutions.  To address this, an initial 
atomic force microscope, AFM, study of the persistence length of molecular collagen diluted in 
DI water and two ionic solutions was conducted.  This study showed that there is a strong 
solution dependence to the flexibility of the molecule.  The ionic solutions presented molecules 
with a large persistence length, a straightened configuration, while the DI water dilution resulted 
in a persistence length that was a factor of 10 smaller. 
 Because two different complex ionic solutions in the initial study showed different 
persistence lengths, an evaluation of the effect of each individual salt was performed.  To 
elucidate the effects of individual ionic species on the conformations and persistence length of 
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Type I collagen varying concentration of monovalent and divalent salts with different cations 
and anions were tested.  It was found that increasing ionic concentration for all species types 
resulted in a higher persistence length but the rate of change in persistence length as a function of 
concentration is unique to each species. 
 In 2002 Leikina, et at.[33] suggested that Type I molecular collagen is unstable at body 
temperature using differential scanning calorimetry.  To examine these results, an AFM study 
was performed that imaged the collagen molecules after being held at body temperature for 
varying times.  The density of molecules deposited onto mica, above a 200nm length cutoff, was 
calculated and it shows that the number of molecules above 200nm in length decreases with 
increasing incubation time. 
 These environmental studies were performed with an aim to understanding the role of 
environment in creating a corneal mimicking tissue.  Currently, the most promising method of 
collagen membrane fabrication for corneal replacement was developed by Tanaka, et al.[4].  This 
unique repeated flow casting method allows for the manufacturing of transparent collagen 
membranes with controllable thickness and fibrillar alignment.  Using the repeated flow casting 
technique, orthogonally oriented collagen membranes were created and their optical properties 
were measured using the Generalized High Accuracy Universal Polarimeter, G-HAUP.  When 
engineering a tissue for the eye, the optical properties of the tissue are of the utmost importance.  
Appropriately for corneal tissues, the measurements for linear birefringence and linear dichroism 
were negligible. 
 It was clear, from the literature, that a fundamental understanding of molecular type I 
collagen was not available.  In this work, the mechanical properties and environmentally 
sensitive behavior of bovine dermal type I molecular collagen is studied.  The exploration into 
! ix 
the unique behavior of these systems begins with documenting the rich ionic species and 
concentration dependent flexibility of molecular type I collagen and the temperature dependence 
on the stability of the molecule is tested.  The study concludes with the construction of corneal 
mimicking tissues using the repeated flow casting method and measuring the complex optical 
properties of these tissues. 
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CHAPTER ONE: 
INTRODUCTION 
 
 
 
 Any investigation into the self-assembly process of collagen-based tissues starts by 
looking at the fundamental properties of the smallest unit, the collagen molecule.  The basic 
physical properties of the molecule, such as the length, diameter, sequence of amino acids, etc., 
are well-known[1].  The amount of literature focusing on the study of collagen is massive, but 
has been primarily focused on the fibril, fiber, and tissue scales.  Knowledge of the mechanical 
properties of collagen on the molecular scale is harder to find and presents a wide discrepancy in 
the measured flexibility, or persistence length, of the molecule.  Published values for the 
persistence length of an ~300nm long type I collagen molecule range from ~15nm[2] to 
~544nm[3]. Our analysis of the collagen molecule and its properties begins with an investigation 
and explanation of this discrepancy.  
 A search of existing literature suggested an apparent explanation for the disparate results 
of the persistence length of collagen, which is the lack of a control.  All of the studies we found 
were performed using type I collagen suspended in different ionic solutions during measurement.  
The body of work herein begins with an investigation into the persistence length of type I 
collagen molecules in phosphate buffered saline (PBS), a fibril forming buffer (FFB), and a DI 
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water control.  This initial study shows that the molecules present relatively straight 
conformations in the complex ionic solutions present in PBS and FFB.  Conversely, in DI water, 
the molecules are highly flexible and have a low persistence length, on the order of that 
measured by Sun et al.[2].  Though both the PBS and FFB solutions present molecules with high 
persistence length, they were not equal.  This indicates that the roles of individual ionic species 
are important and should be investigated further. 
 To examine the effects of individual ionic species on the persistence length of collagen, 
we exposed the molecules to varying concentrations of NaCl, KCl, KBr, CaCl2, and MgCl2.  
Investigating each of these salts individually allowed the effects of monovalent salts, divalent 
salts, changing cations, and changing anions to be evaluated.  It was found that in all cases 
tested, an increase in ionic concentration corresponded to an increase in persistence length.  
Interestingly, these rates of increase are species dependent.  Combined with other studies, see 
Chapter 3, these results show that preferential ion binding causes a direct change in the 
conformations, and thus measured persistence length, of the type I collagen molecule. 
 Quantifying the effects of ions on the physical properties of the molecule showed that 
environment plays an important role in the molecules’ behavior. Various groups have studied the 
effects of pH on collagen, during fibril formation[4-7].  But, a new aspect to the role of 
environment on molecular collagen was published by Leikina et al. which suggested that 
molecular collagen is unstable at body temperature[8].  The Leikina study used ultra-slow 
scanning calorimetry and circular dichroism to track the unfolding of the protein, but the 
individual molecules were not directly imaged.  Using a bioheater stage for an AFM, we were 
able to corroborate those results using bovine dermal type I collagen.  We found that the number 
of intact collagen molecules decreases with time when held at 37°C. 
! 3 
 All of these studies contained herein, on the physical properties of molecular collagen, 
were performed from an initial desire to understand the mechanisms of collagen self-assembly 
and the creation of collagen-based corneal tissue.  The final step in this journey was to then 
create artificial corneal mimicking membranes.  Using the repeated flow-casting method 
developed by Duncan and Tanaka[9, 10], collagen membranes, with an orthogonal fibril 
alignment between layers, were manufactured.  The optical properties of the membranes were 
then measured with the Generalized-High Accuracy Universal Polarimeter (G-HAUP) to 
examine the membranes’ non-linear optical properties. 
 Studying the mechanical properties and tissue engineering of collagen requires a basic 
understanding of type I collagen, the equipment used in the studies, and the mathematical models 
used to describe the results.  We begin with a general outline of type I collagen on the molecular, 
fibril, and membrane scales followed by an overview of atomic force microscopy, polymer 
mechanics, and the optical properties of collagen membranes. 
 
 
 
Type I Collagen 
 
 
COLLAGEN MOLECULES AND FIBRILS 
 
 Molecular type I collagen, or tropocollagen, is composed of three polypeptide chains that 
intertwine to form a right-handed triple-helical structure measuring ~1.5Å in diameter and 
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~300nm in length[1].  To make larger structures, molecular collagen aligns in a quarter-staggered 
pattern to form collagen fibrils[11].  Due to the nature of the packing, type I collagen fibrils 
present a banding pattern, called the D-band, measuring ~67nm (see Figure 1.1). Higher order 
structures are formed by fibrils fusing together to form fibers, sheets, and 3-dimensional mesh 
structures as in Figure 1.2. 
 
 
!
Figure 1.1 Type I collagen fibrils imaged in tapping mode with AFM.  [12] 
 
 
 Of the three polypeptide chains in the collagen molecule, there are two α1(I) chains and 
one α2(I) chain.  In both types of polypeptide chains, the sequences contain a glycine, Gly, at 
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every third residue[13].  The small physical dimensions of the Gly residues allow for the close 
intertwining of the chains when forming the triple helix. 
 All of the α-chains in fibril forming collagens can be expressed as sequences of amino 
acid triplets of the form of Gly-X-Y[13].  In both the α1(I) and α2(I) chains, the X position is 
dominated by proline, Pro, and the Y position is dominated by hydroxyproline, Hyp[14].  Even 
though Pro and Hyp are the dominant residues, the Gly-Pro-Hyp tripeptide only comprises ~44% 
of the molecule[14, 15].  There are over 15 other residues known to occupy X and Y positions, 
most notably: alanine, arganine, and glutamine. 
 
 
 
Figure 1.2 Schematic representation of the hierarchy of collagen. 
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COLLAGEN MEMBRANES 
 
 One of the unique aspects of the corneal stroma is the orientation and lamellar structure 
of the collagen fibrils.  The cornea is comprised of layers of collagen fibrils of varying 
orientations that run in the plane of the lamellae[16-18].  Near the center of the cornea, the 
fibrillar orientations between lamellae are orthogonal. 
 There are many research groups who have developed techniques for engineering collagen 
membranes to mimic the mechanics and optics of human cornea[19-23].  Most of these methods 
are difficult, expensive, require specialized equipment, or are highly time intensive.  Importantly, 
any successful method for creating artificial corneal stroma tissue must be able to control the 
direction of fibrils from layer to layer. 
One of the most novel ways for creating collagen membranes for corneal tissue 
replacement was developed by Tanaka, et al.[9, 10].  The membranes are manufactured by 
flowing a collagen solution over a substrate, incubating to form fibrils, drying at low 
temperature, and then flowing the next layer (see Figure 1.3).  This technique allows for precise 
fibrillar orientation control in each layer as well as easy control of layer and membrane 
thickness. 
After the lamination process is completed, the membranes can be chemically cross-
linked.  The chemical cross-linking process increases the transparency of the membranes.  
Chemical cross-linking is achieved by soaking the laminated membrane in a solution of 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide, EDC, and N-Hydroxysuccinimide, NHS.  The 
membranes are then cleaned with DI water and dried at low temperature. 
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!
Figure 1.3 The flow casting method for creating collagen membranes[24].  See Chapter Five for 
specific processing details. 
 
 
 
Atomic Force Microscopy 
 
 In 1986 Binnig, Quate, and Gerber[25] published the invention of the atomic force 
microscope, AFM, to address the inability of an STM to achieve an atomic resolution image of 
an insulating surface.  Since then, the AFM has seen innumerable advances in its technology and 
abilities.  Not only can an AFM achieve atomic resolution images but it can also be used to 
manipulate the surface[26-28], stretch molecules[29-33], and perform indentation 
measurements[34-36]. 
 The basic concept of the AFM is quite simple.  A thin cantilever with a sharp tip is used 
to probe the surface (see Figure 1.4).  As the tip comes in contact with the surface, the cantilever 
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bends which causes the angle of the reflected laser beam to change.  This change in the laser spot 
is recorded by the photo-detector, which, through a feedback loop, causes the cantilever to retreat 
from the surface. 
 
 
 
Figure 1.4 Schematic representation of an AFM[37]. 
 
 
 There are two basic imaging modes of AFM: contact mode and tapping mode.  In contact 
mode, the AFM tip is kept in contact with the imaging surface and through the feedback loop 
applies a constant force as it drags the tip across the surface.  Tapping mode, which is used in 
this research, obtains the topographical information by probing the surface point-by-point at 
intervals determined by the user.  Tapping mode imaging was chosen for this work to minimize 
any possible deformation of the molecules by the tip.  The actual movement of the AFM 
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cantilever and sample stage is controlled by manipulating piezoelectric material on all three axes 
of movement[25]. 
 
 
 
Polymer Mechanics 
 
The study of polymer and chain statistics started heavily developing in the 1950’s and 
1960’s with large and significant contributions from Flory[38-41].  Through this time, many 
models were created, tested, and modified.  The outcomes of this research presented with two of 
the most significant polymer models: the Freely Jointed Chain Model, FJC, and the Worm-like 
Chain Model, WLC. 
 The Ideal Chain or Freely Jointed Chain Model, FJC Model, describes the mechanics of a 
polymer chain with N  rigid segments that are allowed to freely rotate around their connecting 
joints[42].  The segments are considered to be orientationally independent and non-interacting.  
It has been shown that the FJC Model fails to describe the elasticity of DNA at all except 
extremely low extension forces[43].   
 When a polymer, or molecule, is imaged with AFM, the conformation of the molecule on 
the surface is directly related to the flexibility of the molecule.  By measuring the length of the 
molecule and the distance from one end point to the other, one can calculate a persistence length 
using the Worm-like Chain, WLC, model.  The WLC model has become the standard model 
used to quantify the mechanics of collagen[2, 44-46], DNA[47-49], and other proteins[50, 51]. 
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 The FJC model assumes that the molecule, or polymer, is made up of rigid rods that are 
free to rotate around their connecting joints.  One of the biggest drawbacks of the FJC model is 
that it does not allow for elasticity of the molecule.  The WLC model treats the molecule as a 
relatively rigid homogeneous elastic chain[47, 48]. 
 The persistence length of a molecule, as calculated by the WLC model, is dependent on 
whether the molecule being measured is equilibrated in 2 or 3 dimensions.  For molecules that 
are 3 dimensionally equilibrated, the WLC model states that the average ‘end-to-end’ distance, 
R , can be expressed as a function of the persistence length, P , and the contour length of the 
molecule, L , as follows. 
 
Equation 1.1   R2 3D = 2PL 1−
P
L 1− e
−
L
P⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
 
 
The persistence length calculated by the WLC can be directly related to the Young’s 
Modulus of the molecule by 
 
Equation 1.2   YI = kBTP  
 
where Y  is the Young’s modulus, kB  is Boltzmann’s Constant, T  is the temperature, and I  is 
the moment area of inertia.  Using these relationships, one can easily convert the measurable 
conformational values of R  and L  to the Young’s modulus. 
 To image the molecules with AFM, they are deposited from solution to a flat mica 
substrate.  This forces the molecules from a 3 to a 2-dimensional environment.  During this 
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process, there are two situations that can occur: the molecules can equilibrate in two dimensions 
on the surface or they remain equilibrated in three dimensions and become ‘kinetically trapped’. 
 In the case of two dimensional equilibration, the WLC model is expressed as follows[47]. 
 
Equation 1.3   R2 2D = 4PL 1−
2P
L 1− e
−
L
2P⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
 
 
Kinetic trapping occurs when a molecule does not equilibrate on the two dimensional surface.  
When imaging such a molecule with AFM, the resulting picture is a two dimensional projection 
of the object.  The projected WLC model equation is below. 
 
Equation 1.4   R2
proj
=
2
3 R
2
3D =
4
3 PL 1−
P
L 1− e
−
L
P⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
 
 
 If the persistence length of the molecule is known a priori, these equations can be used to 
determine the conditions of kinetic trapping.  If the presence or absence of 2D equilibration is 
known a priori then one can easily determine the persistence length.  In the case of molecular 
collagen, there is no consensus on the persistence length of the molecule and studies of 
molecular equilibration have not been performed.  It is because of this that all of the data 
presented herein is fit to both the 2D and projected forms of the WLC model. 
 It will be shown, that for collagen molecules presenting more straightened conformations, 
the values calculated for the persistence length show highly unphysical results when using the 
projected form of the model.  This indicates that the molecules are equilibrating on the surface.  
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In the case of highly flexible molecules, the persistence length is quite small and as P→ 0  the 
2D and projected models display similar results. 
 
 
 
Optical Properties of Collagen Membranes 
 
 When engineering and manufacturing a membrane intended to be used as a corneal 
stroma replacement, the optical properties of the membrane are of extreme importance.  These 
optical properties need to mimic that of native cornea or the membrane will not be viable for 
transplant.  Not only is the transparency of the membrane important, due to the nature of the 
corneal stroma being comprised of helical proteins, the non-linear optical properties must also be 
measure.  The non-linear optical properties of collagen and other proteins is well studied[8, 52-
58]. 
The Generalized-High Accuracy Universal Polarimeter, or G-HAUP, is a polarized light 
microscopy device that simultaneously measures linear birefringence (LB), linear dichroism 
(LD), circular birefringence (CB), and circular dichroism (CD).  HAUP was invented by 
Kobayashi and later expanded to the current G-HAUP system by Asahi[59-61].  Since then, it 
has been used to measure the optical properties of many materials[62-67].   
In this study, the G-HAUP apparatus is used to measure the non-linear optical properties 
of manufactured collagen membranes and calculate the LB, LD, and optical rotary power, ORP.  
Optical rotary power is the ability of a material to rotate a plane of polarized light. 
 
! 13 
BIREFRINGENCE 
 
 In a birefringent medium, the index of refraction of the medium is dependent on the 
direction of polarization[68].  When linearly polarized light passes through a material with 
birefringent properties, the light gets split into two mutually perpendicular rays called the 
ordinary and the extraordinary rays.  These rays travel through the medium at different angles 
causing double refraction. 
 
 
!
Figure 1.5 A representative image of how linearly polarized light is rotated in a circularly 
birefringent material.  Linearly polarized light (blue) can be deconstructed into right (green) and 
left (red) handed circularly polarized rays.  In a circularly birefringent material, the speed of light 
through the material is dependent upon the polarization, causing the right and left circularly 
polarized rays to travel at different speeds.  This causes the plane of polarization of the resulting 
light to be shifted.  Image reproduced with permission, see Appendix B[69]. 
 
 
For a circularly birefringent material, incoming polarized light can be thought of as a 
superposition of right-handed and left-handed polarized light rays[69].  These two circularly 
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polarized rays will experience different indices of refraction.  Upon exiting the material, the two 
circularly polarized rays ‘recombine’, but are now, in essence, out of phase.  This results in a 
linearly polarized product whose angle has shifted.  Simply, a circularly birefringent medium 
will rotate the plane of polarization of linearly polarized light. 
 
 
!
Figure 1.6 A representative image of the change in the angle of polarization, of linearly 
polarized light, in a circularly birefringent material.  These are the two square areas represented 
in Figure 1.5.  The image on the left shows the linearly polarized light (blue) as it enters the 
material.  The image on the right shows the resulting linearly polarized light has been rotated.  
Image reproduced with permission, see Appendix B[69]. 
 
 
DICHROISM 
 
 Dichroism is similar to birefringence in that it is dependent upon the angle of the 
polarization of the light entering the material.  Instead of the light experiencing varying speed as 
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a function of polarization angle, it experiences varying absorbance.  Light rays polarized in one 
direction will experience a different absorbance than light polarized in a different direction in a 
dichroic medium[68].  The amplitude of the polarized light ray is dependent on the dichroic 
properties of the material.   
In the case of circular dichroism, linearly polarized light can be thought of as a 
superposition of left and right-handed polarized rays of equal amplitude.  After travelling 
through the medium, the amplitudes of each circularly polarized ray are modified by the 
material’s circular dichroic properties.  When recombined, due to the change in amplitude, the 
resulting ray is no longer linearly polarized.  In the case of circular dichroism, a material will 
transform linearly polarized light into elliptically polarized light[69]. 
 
 
 
Figure 1.7 A representative image of how linearly polarized light is transformed into elliptically 
polarized light by a material exhibiting circular dichroic properties.  Linearly polarized light 
(blue) can be deconstructed into right (green) and left (red) handed circularly polarized rays.  In a 
circularly dichroic material, the absorbance of light in the material is dependent upon the 
polarization.  This causes the resulting amplitudes of the circularly polarized light to change.  
Because of the change in amplitude of the circular components, the resulting light is now 
elliptically polarized.  Image reproduced with permission, see Appendix B[69] 
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Figure 1.8!A representative image of how linearly polarized light is transformed into elliptically 
polarized light in a circularly dichroic material.  These are the two square areas represented in 
Figure 1.7.  The image on the left shows the linearly polarized light (blue) as it enters the 
material.  The image on the right shows the resulting elliptically polarized light due to the change 
in amplitude of the circular components.  Image reproduced with permission, see Appendix 
B[69]. 
 
 
POLARIZED LIGHT MICROSCOPY AND G-HAUP 
 
 A typical polarized light microscope consists of a polarizer, sample stage, and analyzer.  
Incident light travels through the polarizer which blocks all light rays except those that are 
polarized in one specific direction.  The polarized light then travels through the sample.  After 
traveling through the sample, the light passes through the analyzer, which works like the 
polarizer by only letting through light rays polarized in a specific direction.   
 The polarizer and analyzer are set at crossed-Nicols’ position.  Crossed-Nicols’ position 
is when the angle of the polarized light, allowed through the polarizer, is set at a 90° difference 
from the angle of polarization allowed through the analyzer.  At this configuration, all of the 
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light is blocked by the analyzer, and no light gets through the system.  When a sample with 
birefringent properties is placed between the polarizer and analyzer, it will rotate the plane of 
polarization allowing a portion of the light to pass through the analyzer.  By examining the 
intensity of the light and the angles between the sample, polarizer, and analyzer, one can quantify 
the optical properties of the sample. 
 A traditional polarized light microscope was used to image and locate the optic axis of 
the collagen membranes.  The optic axis is the axis at which light passing through the sample 
experiences little to no retardation.  In a perfect system, this would mean that no light passes 
through the analyzer at crossed Nicol’s position.  When the optic axis of the membranes is 
located, the sample is placed in the G-HAUP machine so that the scanning will occur centered on 
this axis. 
 G-HAUP uses a sophisticated method of analyzing polarized light passing through a 
sample.  Both the polarizer, P, and analyzer, A, are rotated simultaneously and the analyzer is 
rotated independently through a chosen angle about the optic axis of the sample.  The intensity of 
the light passing through the analyzer is recorded as a function of both the angle of the polarizer 
from the extinction position, ′θ , and the angle of the analyzer with respect to the polarizer, ′Y , 
for each wavelength of light in the scan range (see Figure 1.9). 
 From these values, and the thickness of the sample, d , one can calculate the LB, LD, 
ORP, and CD of the sample as, 
 
Equation 1.5   LB = Δiλ2πd  
 
Equation 1.6   LD = Eiλ2πd  
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Equation 1.7   ORP = 2πLBikλ  
 
Equation 1.8   CD = Δi ′k iλπd  
 
where Δ  is the measured retardation, E  is the absorption, λ  is the wavelength, and k  and ′k  
are not directly measured, but they are calculated by eliminating the systematic error parameters.   
 
 
 
Figure 1.9 A schematic representation of the G-HAUP system[70].  Light enters the system 
through the polarizer, passes through the sample, and finally passes through the analyzer.  In the 
G-HAUP system, the angles of rotation of the polarizer and analyzer are controlled. 
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CHAPTER TWO: 
PERSISTENCE LENGTH OF MOLECULAR TYPE I COLLAGEN IN DI WATER, PBS, 
AND A FIBRIL FORMING BUFFER∗ 
 
 
 
Abstract 
 
Type I collagen is a fibril-forming protein largely responsible for the mechanical stability 
of body tissues. The tissue level properties of collagen have been studied for decades, and an 
increasing number of studies have been performed at the fibril scale.  However, the mechanical 
properties of collagen at the molecular scale are not well established.  In the study presented 
herein, the persistence length of pepsin digested bovine type I collagen is extracted from the 
conformations assumed when deposited from solution onto two-dimensional surfaces.  This 
persistence length is a measure of the flexibility of the molecule.  Comparison of the results for 
molecules deposited from  a fibril forming buffer (FFB), phosphate buffered saline (PBS), and a 
DI water control allow for the study of the effect of the solutions on the conformations of the 
molecule and provides insight into the molecule’s behavior in situ.  
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
∗ This study has been accepted for publication in Biopolymers, 2014.  It is reproduced here with permission, see 
Appendix B. 
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Introduction 
 
Collagen, the most abundant protein in the body by mass, forms hierarchal structures that 
provide for the mechanical stability of tissues and organs[3].  On the smallest scale, molecular 
type I collagen self-assembles into a quarter-staggered pattern to form collagen fibrils[4].  These 
fibrils then arrange into larger fibers leading eventually to three-dimensional scaffolding 
structures such as tendons, ligament, and cornea[3, 5, 6].  Collagen has been studied, both 
experimentally and theoretically, at the tissue, fiber and fibril levels for many years[6-18], 
indicating the importance of understanding the mechanics of these materials.  Notably lacking 
are investigations of the mechanics of single molecules.  Modifications to the mechanics at this 
scale would ripple through the higher ordered structures, affecting both the mechanical 
properties and assembly of these structures[19]. 
Only a few mechanical studies have been directly performed on single type I collagen 
molecules.  The most prominent of these investigations was performed by Sun et al[17].  In this 
work, optical trapping was used to extend single human type I procollagen molecules between 
dielectric spheres.  The results of these experiments demonstrated that, by fitting to the worm-
like-chain (WLC) model, the type I collagen monomer has a persistence length of 14.5nm.  This 
result indicates a high degree of flexibility.  Subsequently, Bozec et al.[20] used an atomic force 
microscope (AFM) to image type I collagen molecules after deposition onto a substrate, followed 
by forcibly extending the molecules.  They also fit their stretching data to the WLC model, 
though no persistence length was extracted.  In addition to these recent direct measurements, 
many researchers have reported persistence lengths or elastic moduli for collagens of varying 
sources.  Their results span a broad range including 57nm[21], 130nm[22], 175nm[23], 
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308nm[24], and 544nm[25].  This range of over an order of magnitude highlights the need for 
further study – these persistence lengths predict that the ~300nm long molecule behaves as 
anything between a flexible random coil to essentially a rigid rod. 
To further our understanding of the mechanics of type I collagen, herein we present an 
independent study of the flexibility of molecular collagen.  We quantify this flexibility by 
extracting the persistence length through the analysis of molecular conformations on two-
dimensional surfaces as characterized by AFM.  To investigate the sensitivity of molecular 
collagen to solvent conditions, the persistence length was measured after suspension in two 
different buffer solutions plus a nanopure water (18MΩ) control.  This approach allowed us to 
directly examine the effect of salts on the conformation of the molecule. 
 
 
 
Theoretical Basis 
 
The persistence length of a molecule is defined as the length “over which the orientations 
of the bonds become uncorrelated”[26].  The persistence length, P, can be directly related to the 
Young’s Modulus, Y, of the molecule by[27]: 
 
Equation 2.1   
€ 
YI = kBTP  
 
where 
€ 
I  is the area moment of inertia – dependant on the fourth power of the molecular radius 
when using a cylindrical model, 
€ 
T  the temperature, and kB is the Boltzmann constant.  It is clear 
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from this relation that, at constant temperature and molecular dimensions, a lower persistence 
length indicates a more flexible molecule. 
Images of type I collagen molecules adsorbed from solution onto mica were used to 
extract a measurement of the persistence length of the molecule.  Assuming that the molecules 
equilibrate on the surface, the conformation of the molecules can be described through the two-
dimensional equilibrated worm-like-chain (2D-WLC) model[28]: 
 
Equation 2.2   
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In this equation, L is the contour length of the molecule and R is the end-to-end distance.   
Alternatively, if the molecule does not equilibrate on the surface, after adsorption it 
assumes a kinetically trapped conformation that results from the transition from three to two 
dimensions.  In this case, the mean square end-to-end distance will be two-thirds of the 
equilibrated mean square end-to-end distance for the three-dimensional worm-like-chain (3D-
WLC) model[28]: 
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From AFM images, the contour length and the end-to-end distance can be measured directly for 
individual molecules.  Thus, fitting the above equations to plots of R2 versus L requires only one 
fitting parameter, and the persistence length may be determined. 
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In the past, this type of experiment has been performed using a known persistence length 
value[28], thus the WLC model equations were used to determine whether the molecule 
equilibrates on the surface.  In this study we do not know a priori either the persistence length or 
the equilibration state.  Consequently, we tested both the 2D equilibrated model and the 
projected 3D-equilibrated model against the data.  Results that were physically improbable were 
rejected on this basis, and we report the remaining measured persistence lengths. 
 
 
 
Materials and Methods 
 
A stock solution of 0.51 wt.% bovine type I collagen in 0.01M HCl was obtained from 
MiMedx, Inc. (Tampa, FL).  This collagen stock was extracted from bovine dermis using a 
pepsin digestion step in the purification process.  This stock was then diluted to make three 
collagen suspensions: (1) a 1:1000 dilution of collagen stock solution in nanopure water, (2) a 
1:8000 dilution of the collagen stock solution in fibril forming buffer (FFB; 105mM NaCl and 
44mM NaH2PO4 in water), and (3) a 1:1000 dilution of the collagen stock solution in phosphate 
buffered saline (PBS, Fisher Scientific, 137mM NaCl, 10mM Na2HPO4, 2mM KH2PO4, and 
2.7mM KCl in water).  FFB was selected for comparison with fibrillogenesis experiments, and 
PBS was selected because it is a common physiological buffer.  The high dilutions insured non-
interacting molecules in solution.  Since single molecules were desired for the present study, 
inhibition of fibril formation was achieved through the greater dilution in FFB. 
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The samples to be used for imaging were prepared by depositing 50µL of the 
collagen/nanopure water dilution, the collagen/FFB dilution, or the collagen/PBS dilution onto 
freshly cleaved mica surfaces for varying times.  The deposition times for each solution varied, 
having been determined by the need for well-dispersed molecules on the surface to facilitate 
analysis of the conformation and minimization of molecule-molecule interactions.  The 
deposition time for the collagen/water sample was 20s, for collagen/FFB 5s, and for 
collagen/PBS 20s.  After the incubation period, the samples were briefly rinsed with nanopure 
water to remove excess salt depositions and gently dried under a nitrogen stream.  The samples 
then were imaged in intermittent contact mode using an Asylum Research MFP-3D AFM 
(Asylum Research, Santa Barbara, CA).  The silicon cantilevers used had either nominal 5.0N/m 
spring constant and 160KHz resonant frequency or 40N/m spring constant and 170KHz resonant 
frequency (µMasch USA, San Jose, CA).  The contour length and end-to-end distance of each 
molecule was measured using Igor Pro software (WaveMetrics Inc., Lake Oswego, OR, USA).  
The data were taken from 1µm x 1µm height trace images collected with a 512 x 512 
pixel resolution for each image.  With these imaging parameters, height information was taken 
approximately every 2nm x 2nm.  Typical images used for analysis are shown in Figure 2.1.  
Only molecules that were completely imaged in the scan area were included in the data sets.  
Example data extraction is shown in Figure 2.2. 
The contour length and end-to-end distance data collected from the images were plotted 
and fit to both the 2D and projected 3D WLC model equations as shown in Figure 2.3 using Igor 
Pro software.  A value for the persistence length was obtained for type I collagen molecules in 
each of the three solutions as deposited on mica.  All subsequent statistical analyses also were 
performed using Igor Pro.  
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Figure 2.1 AFM images illustrating the deposition of molecular type I collagen on mica from a) 
Nanopure water, b) Fibril Forming Buffer, and c) Phosphate Buffered Saline.  Notice the more 
extended structures observed when deposited from the salt containing solutions (b and c). !!
Results 
 
It was apparent by inspection of the AFM images that a significant change in the 
conformation of the molecules occurred, depending upon which solvent was used for the dilution 
(see Figure 1).  In all images collected, the collagen molecules were observed to adopt a more 
condensed structure when suspended in water and a straightened conformation when suspended 
in either FFB or PBS.  
From the AFM images, contour lengths and end-to-end distances were measured for each 
molecule falling entirely within the scan range.  A representative example of this data collection 
is shown in Figure 2.2.  Figures 2.3-2.5 show both the raw and binned data plotted as squared 
end-to-end distance versus persistence length, allowing a least-squares fitting of Equations 2.2 
and 2.3 to be done.  Figures 2.3-2.5 also show the resulting fitted curves.  Given a persistence 
length and contour length, the WLC model equations present an average squared end-to-end 
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distance within these parameters.  To this end, the WLC model equations were fit to both the raw 
and binned data (see Table 2.1). 
!!
 
Figure 2.2 Zoom in from a 1µm X 1µm AFM image of a collagen molecule illustrating the 
extraction of the end-to-end distance and contour length.  The end-to-end distance is measured 
directly from a line section (shown in blue) of the imaged molecule at the points indicated by the 
white arrows.  The molecule then is traced as shown by the red line drawn along the molecule.  
Inset: The height versus distance along the molecule is plotted.  The contour length is the 
distance between the white arrows as extracted from these plots. 
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The bins were chosen to have a width of 25% of the standard deviation of the contour 
length.  Within each of these bins, the average squared end-to-end distance was calculated.  The 
only fitting parameter was the persistence length P, and the value returned for this parameter in 
each solvent for each model is summarized in Table 2.1.  The resulting persistence length values 
from the raw and binned data agree for all solutions tested. 
 
 
 
Figure 2.3 Plot of squared end-to-end distance versus contour length for collagen molecules 
deposited from Nanopure water.  Both the raw and binned data are shown.  The solid line is a 
least squares curve fit to equation 2. 
 !
For type I collagen molecules suspended in nanopure water, we cannot say with certainty 
whether the molecules were equilibrated on the surface or adsorbed without surface 
rearrangement.  Thus we report that the persistence length was between ~12 and 40nm as 
determined from the 2D-WLC model and the 3D-WLC projected model, respectively. 
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Figure 2.4 Plot of squared end-to-end distance versus contour length for collagen molecules 
deposited from Fibril Forming Buffer.  Both the raw and binned data are shown.  The solid line 
is a least squares curve fit to equation 2. 
 
 
 
Figure 2.5 Plot of squared end-to-end distance versus contour length for collagen molecules 
deposited from Phosphate Buffered Saline.  Both the raw and binned data are shown.  The solid 
line is a least squares curve fit to equation 2. 
 
! 37 
By comparison with the data for collagen suspended in the two buffered salt solutions 
(see Table 2.1), again it was clear that the type I collagen molecule was substantially more 
flexible in the absence of the salts. 
 
 
Table 2.1 Results of WLC fitting to the type I collagen molecules deposited from suspension in 
nanopure water, Fibril Forming Buffer, and Phosphate Buffered Saline along with the number of 
molecules measured.  Persistence length values are given for both the raw and binned data.  
Values are given as mean ± standard deviation. 
Dilution( Style(
Average(
Contour(
Length(nm)(
P(nm)(2D9
WLC(
P(nm)(Proj.(
3D9WLC(
Number(
of(
Molecules(
! ! ! ! ! !
DI!water! Raw! 257.8!±!13.4! 11.785!±!1.0! 37.6!±!3.47! 145!
! Binned! ! 12.474!±!3.0! 40.1!±!10.5! !
! ! ! ! ! !
FFB! Raw! 255.6!±!14.1! 135.1!±!11.9! 18038!±!1870! 104!
! Binned! ! 134.99!±!14.4! 24482!±!1330! !
! ! ! ! ! !
PBS! Raw! 260.0!±!20.7! 161.87!±!16.3! 32844!±!599! 101!
! Binned! ! 164.65!±!20.8! 37966!±!776! !
 
 
The measured persistence length for type I collagen on freshly cleaved mica was ~135nm 
for the suspension in FFB and ~160nm for the suspension in PBS.  These values were 
determined from the analysis using the 2D-WLC model.  The values predicted by the projected 
3D-WLC model (see Table 2.1) were rejected on physical grounds by considering the elastic 
modulus implied by the result when applied using Equation 2.1.  For example, a persistence 
length of ~18µm (midway between the lowest and highest projected 3D-WLC persistence length 
values) would imply an elastic modulus of 19GPa for a cylindrical rod with a 1.5nm diameter, 
appropriate for collagen.  For comparison, recent reports for the elastic modulus of bovine 
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femoral trabecular bone, obtained through nano-indentation experiments, under no macroscopic 
compressive strain, is ~20GPa[29].  The mineralized bone would be expected to be significantly 
more rigid than the unmineralized collagen molecules. 
 
 
 
Discussion 
 
We imaged molecular type I collagen, as deposited onto freshly cleaved mica, from 
nanopure water and two different buffered salt solutions.  We then used these images to extract 
persistence lengths for collagen under these conditions.  That the molecules assume a more rigid 
structure in the presence of salt was clear from both qualitative inspection of the images (Figure 
2.1) and quantitative analysis of the conformations (Table 2.1).   
The measured persistence length of type I collagen in water was between ~12nm and 
40nm, and the contour length was ~258nm.  We report the persistence length as a range because 
the manner in which the molecules adsorb cannot be determined unambiguously, unlike the cases 
in which buffered salts were used (see Results).  We also note that the measured persistence 
length of collagen for the nanopure water suspension, arguably, was slightly higher than the true 
value.   A small systematic error was introduced during the analysis of the experimental data.  
Molecules can become so tightly wound that it became unclear as to the exact shape of the 
molecule, and thus such molecules were not included in the data set if the exact trace was 
uncertain.  This eliminated the possibility of measuring the most tightly wound specimens, 
leading to a slightly elevated estimate for the persistence length.  This phenomenon occurred 
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rarely enough (<5% of the molecules observed) that the effect on the final value for the 
persistence length should be rather small. 
The persistence length values for type I collagen diluted in FFB was ~135nm, and the 
contour length was ~256nm.  When diluted in PBS, the persistence length was ~165nm, and the 
contour length was ~260nm. The values resulting from the projected 3D WLC model were 
rejected in both cases for reasons described above in the Results section.  The persistence lengths 
for molecules suspended in these two solutions are quite similar, with both solutions leading to a 
straightened conformation with a large persistence length. Likewise, the contour lengths for 
molecules in all three solvents are similar – the largest difference is between collagen suspended 
in PBS and collagen in FFB, and this difference was 1.7%.  However, the persistence length of 
type I collagen suspended in pure water was significantly different from that measured in either 
of the buffered salt solutions.  Indeed, the persistence length increases by over an order of 
magnitude in the salt containing solutions. 
The mechanism behind the significant increase of the persistence length when moving 
from pure water to a salt containing solvent is likely to be an electrostatic effect.  There are at 
least three potential sources for these electrostatic interactions: 
As a first explanation for the observed behavior, the fixed charges associated with the 
peptides must be considered.  In polyampholytes such as type I collagen, and indeed most 
proteins, there exists a mixture of positive and negative fixed charges along the polymer 
backbone, and the distribution of these charges is dependent upon the peptide sequence.  The 
resulting Coulomb interactions along the molecule would be mixed attractive and repulsive, with 
the attractive interactions being offset not only by the repulsive but also by the rigidity of the 
backbone itself.  A broad range of behaviors would be expected for differences between charge 
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distributions and chain stiffnesses.  The addition of salt generates ions that partially shield the 
fixed charges dispersed along the polymer backbone.  In the absence of salt, the electrostatic 
interactions would be significantly larger.   
The screening effects of salt typically are described by the Debye screening length[30]: 
 
Equation 2.4   
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where 
€ 
ε is the dielectric constant of water, 
€ 
ε0  the permittivity of free space, 
€ 
kB the Boltzmann 
constant, 
€ 
e  is the electronic charge, 
€ 
ni is the ionic density of species 
€ 
i , and 
€ 
zi  is the valency of 
species 
€ 
i .  The Debye screening lengths were calculated for both buffers and were found to be 
0.314nm for PBS and 0.328nm for FFB.  Given that this length is close to that expected for the 
length of a single amino acid in the backbone, the FFB and PBS cases are likely to be very nearly 
fully shielded, and the persistence length measured in these solutions should be close to that of 
the backbone in the absence of charge.  Thus, it is not at all surprising to find that the observed 
persistence lengths in FFB and PBS are so similar.  That the screening length of PBS is larger 
than that of FFB, and the resulting persistence length in PBS is larger than the persistence length 
in FFB taken together gives further support for this interpretation of the data. 
A second potential explanation incorporating electrostatic effects must be included: the 
results could also be explained by selective ion adsorption along the molecular backbone, 
resulting in an increased charge density that overwhelms the screening effects.  The effect of 
specific ion-binding was studied and quantified by Weinstock, et al.[31].  In this study, Type I 
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collagen was suspended in solution containing varying amounts and species of ions.  The ions 
were then dialyzed out of the solution and the remaining ions, being bound to the collagen 
molecules, were measured.  In this situation, increasing the ion concentration leads to the 
occupation of the adsorption sites, eventually tending toward saturation.  The Coulomb 
interactions of the adsorbed ions would act to stiffen the polymer.  Again, if ions of equal 
valence are occupying the same sites, then the same persistence length would be expected for the 
relatively high salt concentrations found in FFB and PBS. 
A last interpretation of these results is that the addition of ions in the solution changes the 
solvation of the collagen molecules.  At lower salt concentrations the molecules preferentially 
interact with themselves rather than with the water, reducing the solvation and condensing the 
molecules.  Conversely, at higher salt concentrations the molecule/salt/water complex achieves a 
lower free energy by increasing the interactions with water, causing the molecule to adopt a more 
extended conformation.  Resolution of these alternate interpretations will require further 
experimentation. 
It is now appropriate to address how these results fit within the current literature.  Both of 
the persistence length values in the absence of salt were in reasonable agreement with the 14.5 
nm persistence length determined by Sun et al.[17] for type I procollagen.  We note that, while 
their collagen molecules were suspended in a complex buffer differing from those examined in 
this paper, it did include relatively high salt concentrations.  It also should be noted that the 
procollagen molecules used in this previous study include non-helical domains that normally are 
cleaved before fibrils can be formed.  These domains have the potential to be quite flexible; thus 
the procollagen molecule might be thought of as two soft springs bounding the ends of a stiff 
spring.  Under forcible extension, deformation of the soft springs would dominate.  The 
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persistence length probed primarily would be that of the non-helical domains.  Therefore, it is 
reasonable that they would observe a highly extensible (small persistence length) collagen 
molecule, even when suspended in a high salt solution. 
The results presented here are in better agreement with the 130nm found by Utiyama et 
al.[22] and the 175nm found by Sasaki and Odajima[32].  Utiyama was investigating rat skin 
tropocollagen by viscosity measurements, and Sasaki was investigating bovine Achilles tendon 
collagen in situ by X-ray diffractometry.  Though the collagen sources in these investigations 
were different from the present study and the measurement techniques varied, both sets of 
experiments were performed on type I collagens in saline solutions comparable to those used in 
the current work.  The agreement of our results with these prior studies implies that the nature of 
the ions in the solvent might be a more important determining factor of the persistence length of 
type I collagen than the source of the material. 
The importance of these results lies in understanding both fibril formation and the 
development of the mechanical properties of the higher ordered collagen structures.  The 
aggregation of collagen molecules into fibrils would be facilitated if the molecules assume 
extended structures.  Such a conformation would expose sites needed to properly align the 
molecules, whereas a condensed structure would hide these sites, delaying or preventing fibril 
formation.  Several groups are working to develop a theory describing fibril mechanics based 
upon knowledge of the molecule’s mechanical properties[8, 9, 15, 19, 33-38].  The values 
generated by this current study can be used by those investigators. 
Using Equation 2.1, one can convert the persistence length of the 1.5nm diameter 
molecule, a common figure [5, 8, 33, 38, 39], to a value for the Young’s Modulus.  At room 
temperature, our data show Young’s Modulii ranging from ~14 to 40 MPa.  This range in solvent 
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dependent modulus is not only seen at the molecular level.  In 2009 Grant, et al. studied the 
change in elasticity of collagen fibrils as a function of solvent conditions[39].  It was found that 
the elastic modulus of collagen fibrils ranges from 2 to 200 MPa depending on solvent 
conditions.  Grant et al. state that the increase in modulus as a function of increasing salt was the 
most difficult result to rationalize.  We present, for the first time, the observation of a correlation 
between ionic interactions and the Young’s Modulus of collagen on the molecular scale.  It 
appears that this increase in modulus, while occurring at the molecular scale, continues to affect 
collagen mechanics at the fibril scale and likely up through macroscopic (whole tissue) scales. 
 
 
 
Conclusions 
 
The persistence length of type I collagen derived from bovine dermis was measured in 
three solvents that varied in ionic content.  The persistence length was observed to increase 
significantly, by over an order of magnitude, with increased ion concentrations.  The results were 
in good agreement with a subset of the values previously reported in the literature.  These results 
will be of interest to those investigating fibrillogenesis and extracellular matrix mechanics. 
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CHAPTER THREE: 
THE EFFECTS OF IONIC SPECIES AND CONCENTRATION ON THE MOLECULAR 
CONFORMATIONS OF TYPE I COLLAGEN[1] 
 
 
 
Abstract 
 
In this work, we show that condensation of ions on type I molecular collagen caused 
molecular-scale conformational changes that were dependent upon both ion species and 
concentration.  These changes resulted in a straightening of the structure, implying at least local 
stiffening of the molecule.  Given the importance of the fibrillar collagens, especially type I 
collagen, to the mechanical integrity of body tissues, such ion-induced modifications are likely to 
have important local consequences within these systems.  Specifically, in this study bovine 
dermal type I collagen molecules were suspended in solutions varying in both ionic species and 
concentration, after which the conformations of the molecules were characterized.  It was found 
that with all ionic species tested, increasing the ionic concentration corresponded with a 
straightening of the molecule, characterized herein as a persistence length.  The dependence of 
persistence length on ionic species correlated with the degree of ionic condensation reported in 
previous results. However, the rate at which the persistence length increased with ion 
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concentration was not attributable to simple charge shielding.  At the salt concentrations used 
here, 0.001-0.1M, the data fit well to the Langmuir Adsorption Isotherm, implying a simple 
adsorption mechanism.  The salt species chosen for this work aimed to elucidate the effects of 
mono- versus divalent salts and the effects of changing the anion and cation species.  
 
 
 
Introduction 
 
Collagen is the key contributor to the structural and mechanical properties of mammalian 
tissues, including ligament and tendon, cornea, skin, and bone.  However, these tissues vary 
widely in their structure and mechanics.  From a bioengineering perspective, the ability of 
collagen to form such disparate structures of broad mechanical properties is both curious and of 
great importance[2-5].   
The fibril forming collagens, including types I, II, V, XI, XXIV, and XXVII, are part of a 
hierarchally organized system: at the nanoscale, the triple helical tropocollagen molecular 
monomer aggregates in a quarter staggered fashion to form the fibrils, which in turn assemble 
into the more macroscopic hierarchal forms including ropes, sheets, or open meshes.  At this 
macroscopic scale, the structure and mechanics of tissues have been investigated for decades, 
providing a great deal of information.   
The study of the mechanical properties of collagen on the fibril scale has seen great 
attention over the last few years both experimentally and theoretically[6-15].  Most relevant for 
the present work, Grant et al. studied the effects of various buffer solutions on the mechanical 
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properties of collagen fibrils and found that the presence of salts increased the elastic 
modulus[16].   
The single molecule scale has been less investigated.  Sun et al. have quoted a persistence 
length of 14.5nm for molecular type I collagen obtained through stretching experiments in a 
single buffer[17].  Previous work by Lovelady et al., presented in Chapter 2, has shown that the 
persistence length of molecular collagen ranges between ~12nm in DI water and ~150nm in PBS, 
as deposited on clean mica, indicating that the range in previously reported results might be 
related to solvent conditions[18]. Indirect measurements using rheology and light scattering have 
provided data ranging from 57nm to 544nm[19-23].   
The fact that salt affects the mechanical properties of collagen, on both the molecular and 
fibril scale, is apparent.  The previously mentioned study by Lovelady et al. was the first direct 
measurement of how solvents play a role in the mechanics of molecular collagen.  However, the 
specifics of how various salts affect the persistence length of collagen and the mechanisms of 
this interaction have not been fully explored.  The experiments reported herein sought to provide 
insight into this process. 
 
 
 
Materials & Methods 
 
A stock solution of 0.51 wt.% pepsin digested bovine dermal type I collagen in 0.01M 
HCl was obtained from MiMedx, Inc. (Tampa, FL).  The collagen stock was added to varying 
salt solutions in a volume concentration of 1 part collagen stock to 1000 parts salt solution.  Five 
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different salts were used in this study: NaCl, KCl, KBr, CaCl2, and MgCl2.  This group of salts 
allows for comparison between mono- and divalent ionic species and the effects of changing the 
anion and cation species.  Ionic concentrations ranged from 0.001 to 0.1M. 
All collagen/salt dilutions were prepared for imaging with an atomic force microscope 
(AFM) in the same manner.  50µL of the collagen/salt solution was applied to freshly cleaved 
mica for 10s, briefly rinsed with DI water, and dried under a gentle Ni stream. 
The mica depositions were imaged in intermittent contact, AC, mode using an Asylum 
Research MFP 3-D AFM (Asylum Research, Santa Barbara, CA).  Silicon cantilevers were used 
that have nominal spring constants of 4.5, 7.5, and 14 N/m and nominal resonant frequencies of 
150, 210, and 315 kHz respectively (µMasch USA, San Jose, CA).  From each 1µm x 1µm 
height trace image, the contour length and end-to-end distance of each molecule was measured 
and recorded by tracing the molecules, see Figure 3.1.  Each image was taken using 512 x 512 
pixels, which gave a data point at approximately every 2nm.   Only molecules completely 
imaged in the scan area were measured. 
 
 
 
Measurement Techniques and Data Analysis 
 
The persistence length, 
€ 
P , of a molecule is directly related to the Young’s Modulus, 
€ 
Y , 
by[24]: 
 
Equation 3.1   
€ 
YI = kBTP  
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where 
€ 
I  is the area moment of inertia, 
€ 
T  the temperature, and 
€ 
kB  is the Boltzmann constant.  
There are two main methods to calculate the persistence length of a molecule using AFM.  One 
method uses force spectroscopy and forcibly extends the molecule with the AFM tip.  The 
persistence length then is extracted from the applied force and stretching data[25].  The second 
method, employed in this work, is to deposit the molecules onto a surface, measure the contour 
length and end-to-end distance of each molecule, and fit these data to the Worm-like Chain, 
WLC, Model.  This method has recently been used to characterize both collagen [18] and 
DNA[26]. 
When molecules suspended in solution are deposited onto a flat surface, such as mica, 
they are transitioning from a three- to a two-dimensional environment.  If the molecules 
equilibrate on the surface in two dimensions their conformations can be described by the 2D 
WLC Model equation below. 
 
Equation 3.2   
€ 
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where 
€ 
R is the end-to-end distance, P  is the persistence length, and 
€ 
L  the contour length.  If the 
molecules do not equilibrate on the surface they become ‘kinetically trapped’[26].  Due to the 
nature of AFM, the images of a 3D equilibrated protein do not achieve a true 3D representation 
of the molecules but rather a 2D projection of a three dimensionally equilibrated structure.  In 
terms of the WLC Model, such molecules are represented using Equation 3.3 below. 
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Without knowing a priori whether the molecules will equilibrate on the surface, all data 
are fit to both WLC Model equations.  
 
 
 
Figure 3.1 An illustrative example of the trace along a single collagen molecule.  This type of 
trace is used for extracting the contour length and end-to-end distance of the molecule.  Inset 
shows the height values along the line trace. 
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For each dilution, the contour length and end-to-end distance data were plotted and fit to 
both the two and projected three-dimensional WLC model equations, Equations 3.2 and 3.3, and 
values for the persistence length were calculated.  All data analysis was performed in Igor Pro 
(WaveMetrics Inc., Lake Oswego, OR, USA).  As an example, Figure 3.2 shows the molecular 
conformation data for the 0.1M KCl dilution along with the WLC model fit. 
 
 
 
Figure 3.2!Contour length and squared end-to-end distance data for the 0.01M KCl dilution.!
 
 
SURFACE EQUILIBRATION CONTROL EXPERIMENT 
 
To investigate effects of surface interactions between the mica substrate and the collagen 
molecules and whether the molecule could diffuse on the surface, collagen molecules from a DI 
water dilution were deposited onto a freshly cleaved mica substrate for 20s, briefly rinsed with 
DI water, and dried under gentle Ni flow.  The collagen treated mica substrates were then 
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submerged in a solution of 0.1M NaCl for varying times (10, 20, 45, 90, and 120 minutes), 
briefly rinsed with DI water, and dried under gentle Ni flow.  These samples were imaged and 
contour length and end-to-end distance data are analyzed, using the same methods as described 
above, to extract a persistence length for each soaking time. 
It has been previously shown that collagen suspended in a DI water solution and 
deposited onto a mica substrate has a persistence length of ~12nm [18].  When these samples 
were then exposed to a 0.1M NaCl solution, after being deposited onto the mica substrate, it was 
seen that the molecules assumed a more straightened configuration over time, see Figure 3.3.  It 
is expected that the molecules will continue the current trend until reaching the full persistence 
length of ~105nm as observed with a 0.1M NaCl dilution.  This provided direct evidence of 
molecular diffusion and equilibration on the surface, further implying a two dimensionally 
equilibrated structure. 
 
 
!
Figure 3.3!Persistence length of type I molecular collagen deposited onto mica from a DI water 
dilution followed by incubation in 0.1M NaCl for varying times at room temperature.!
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PH MEASUREMENT 
 
In this current study, pH was not directly controlled.  To adequately control the pH of the 
collagen solutions, a buffer containing relatively high concentrations of salts would be required.  
This would impede the desired analysis of molecular conformations at low salt concentrations.  
Furthermore, increasing pH promotes fibril formation.  Even though the pH was not controlled, it 
was measured with fluorescence spectroscopy, see Table 3.1 and Figure 3.4.   
10 µM concentrations of the pH sensitive fluorescent dye 2',7'-Bis-(2-Carboxyethyl)-5-
(and-6)-Carboxyfluorescein, BCECF Acid, (Life Technologies, Carlsbad, CA) was used.  The 
control pH samples were 20mM HEPES solutions.  The counts and ratio, for each solution in 
Table 3.1, were collected as an average of 6 measurement runs over 2 different samples. 
The counts ratio between excitations at 440 and 490nm for each sample and control 
buffer were calculated.  The ratio shows that all of the samples tested were close to a pH value of 
~4.  The data also show that there is no significant change in pH between the samples.  The pH 
of mono- and divalent samples at varying concentrations was tested.  Thus, we have concluded 
that the conformational changes seen in this study were not attributed to changes in pH. 
 
 
 
Results 
 
A persistence length for each collagen dilution on mica was calculated using both the 2D 
and 3D Proj. WLC model equations, see Table 3.2.  In all cases, the Projected 3D WLC model  
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Table 3.1 Fluorescence spectroscopy results showing approximate pH of varying collagen 
solutions as compared with control pH solutions.  The collagen solutions contain 1 part collagen 
stock to 1000 parts ionic solution.  The control pH samples are 20mM HEPES solutions. 
Sample 
Counts 
ratio 
Counts at 440nm 
x106 
Counts at 490nm 
x106 
    
DI 1.085 5.53 6.00 
0.1M NaCl 1.210 4.40 5.32 
0.01M NaCl 1.049 4.44 4.66 
0.005M NaCl 1.057 4.20 4.44 
0.001M KCl 1.036 4.14 4.28 
0.1M MgCl2 1.111 3.98 4.42 
    
pH 3.97 0.861 3.19 2.74 
pH4.65  1.137 3.42 3.89 
pH 5.01  1.277 3.58 4.57 
pH 5.60  1.508 3.31 5.00 
pH6.49  2.116 6.22 13.2 
 
 
 
Figure 3.4 Fluorescence spectroscopy curves for six collagen dilutions and four pH control 
samples1.   
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 The fluorescence spectroscopy data were collected with assistance from Joey Foley in the 
laboratory of Dr. Martin Muschol. 
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Table 3.2 Results for all salt dilutions. 
NaCl 
Conc. Number of Molecules  
2D WLC Pers. 
length (nm) 
3Dproj WLC Pers. 
Length (nm) 
0.001 M 71 21.3 ± 1.9 73.7 ± 7.8 
0.005 M 151 37.4 ± 3.0 156.3 ± 19.6 
0.01 M 150 52.3 ± 4.5 294.7 ± 54.4 
0.025 M 149 65.7 ± 5.4 560.9 ± 151 
0.05 M 139 84.7 ± 8.0 4604.8 ± 8920 
0.1 M 132 105.4 ± 9.1 18526 ± 1760 
 
KCl 
Conc. Number of Molecules 
2D WLC Pers. 
length (nm) 
3Dproj WLC Pers. 
Length (nm) 
0.001 M 194 31.8 ± 2.6 124.6 ± 14.6 
0.01 M 103 79.2 ± 8.4 1214.6 ± 775 
0.05 M 19 176.3 ± 20.9 45198 ± 857 
0.1 M 90 224.3 ± 23.8 74602 ± 150 
 
KBr 
Conc. Number of Molecules 
2D WLC Pers. 
Length (nm) 
3Dproj WLC Pers. 
Length (nm) 
0.001 M 73 25.2 ± 3.3 90.9 ± 15.2 
0.005 M 54 54.7 ± 7.8 331.8 ± 110 
0.025 M 71 97.0 ± 11.1 19961 ± 1800 
0.1 M 62 198.7 ± 28.2 63430 ± 236 
 
MgCl2 
Conc. Number of Molecules 
2D WLC Pers. 
Length (nm) 
3Dproj WLC Pers. 
Length (nm) 
0.001 M 76 57.9 ± 7.0 364.3 ± 107 
0.005 M 55 70.5 ± 9.2 745.8 ± 399 
0.025 M 65 84.5 ± 12.5 1972.8 ± 2680 
0.1 M 70 101.0 ± 13.0 20160 ± 2100 
 
CaCl2 
Conc. Number of Molecules 
2D WLC Pers. 
Length (nm) 
3Dproj WLC Pers. 
Length (nm) 
0.001 M 83 26.3 ± 3.3 95.9 ± 15.9 
0.005 M 127 45.1 ± 4.3 234.8 ± 44.0 
0.01 M 155 57.7 ± 4.8 369.8 ± 75.6 
0.05 M 153 55.1 ± 4.7 331.7 ± 65.0 
0.1 M 85 68.8 ± 7.7 651.2 ± 265.0 
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equation produced unphysical results for the highest concentrations. This result was interpreted 
as indicating that the molecules equilibrated on the surface, and will be accurately described by 
the 2D WLC Model.  In the limit of a small persistence length both the 2D and 3Dproj WLC 
models predict equivalent molecular conformations. 
The calculated 2D WLC persistence length was plotted as a function of salt concentration, 
for all ionic species tested, see Figures 3.5-3.7.  Within this range of concentrations the 
persistence length data fit well to a modified Langmuir Adsorption Isotherm[27], Equation 3.4.   
 
Equation 3.4   P = a + QKc1+ Kc  
 
In Equation 3.4, a  is an offset, c  is the molarity, Q  is the maximum adsorption capacity 
and K  represents the affinity of the ions to adsorb onto the protein[28].  The offset, a, was added 
to the standard form of the isotherm for physical reasons: a persistence length of 0nm is unlikely, 
even at 0 concentration.  Table 3.3 displays the values from the Langmuir isotherm fits for all 
ionic species studied. 
 
 
Table 3.3!The results of all Langmuir isotherm fits from Figure 3.3.  The persistence length vs. 
concentration data are fit to Eq. 3.4.!
Ionic Species a Q K 
NaCl 20.8 ± 4.6 107.4 ± 10.2 32.7 ± 10.9 
KCl 26.0 ± 1.5 286.5 ± 5.5 22.4 ± 1.3 
KBr 28.1 ± 10.4 314.0 ± 94.7 11.8 ± 7.9 
MgCl2 56.7 ± 4.5 51.4 ± 6.8 55.4 ± 32.5 
CaCl2 10.6 ± 22.3 54.2 ± 20.4 402.1 ± 464.0 
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!
Figure 3.5 Persistence length as a function of molarity for all salts tested.  The data are fit to a 
modified Langmuir Isotherm, Equation 3.4. 
 
 
!
Figure 3.6!Persistence length as a function of molarity for all monovalent salts tested.  The data 
are fit to a modified Langmuir Isotherm, Equation 3.4. 
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!
Figure 3.7!Persistence length as a function of molarity for all divalent salts tested.  The data are 
fit to a modified Langmuir Isotherm, Equation 3.4. 
 
 
 
Discussion 
 
The persistence length of type I molecular collagen increased with all ionic species tested.  
Interestingly, each ionic species caused a different rate of persistence length increase.  If the 
measured persistence lengths had collapsed onto a single curve, when plotted as a function of 
ionic strength, the interpretation of the data would be through shielding of native charges along 
the protein’s length.  That is to say, as the concentration of ions in solution increases, the 
‘intrinsic’ persistence length of the polymer backbone (that in the absence of charges distributed 
along its length and prescribed purely by the mechanics of the material) would emerge.  
However, this expected outcome was not observed.  Instead, the effects of the ions in solution 
were found to depend upon the ionic species.  This dependence was found to follow Langmuir 
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isotherms where the fitting parameters were, again, species dependent.  That the data follow the 
Langmuir isotherm implies adsorption of ions on the molecules, but the different fitting 
parameters indicate that this occurred in a selective manner.  Similar effects have been 
previously documented[29, 30].  Though these papers found that ions bind selectively to 
collagen, the present work was the first to directly demonstrate the effect these ions have on a 
physical property of the molecules. 
For type I collagen, the effects of ions on the persistence length were dominated by the 
cation in the solution.  This observation is made clear by comparing the persistence lengths in 
NaCl, KCl, and KBr solutions: 1. With Cl- ions appearing in both NaCl and KCl solutions, K+ 
had a much greater effect on the end-to-end distance of the molecule than does Na+, even though 
Na+ and K+ have the same valence charge; 2. With K+ ions appearing in both KCl and KBr 
solutions, little effect was caused by the Cl- and Br- ions.   
These results were strikingly different from the Hofmeister series[31], which orders salts 
by their ability to salt proteins in or out of aqueous solutions.  In the present experiments, 
maximal persistence length would correspond with maximal ‘salting in’.  While the Hofmeister 
series would predict Ca++ > Na+ > K+ (in order of the ‘salting in’ effect), instead the observed 
order was K+ > Na+ > Ca++[32].  One interpretation of the series is that certain ions in solution 
interact strongly with proteins, affecting the protein’s interaction with water[33].  In this sense, 
the adsorption of ions to the collagen molecules is consistent with the idea of increased solubility 
and increased persistence length. 
In 1967 Weinstock et al. [34] reported that type I molecular collagen showed preferential 
ion binding.  In that study it also was shown clearly that divalent salts bind significantly less than 
the monovalent salts tested.  Our results agree with the ion binding data presented by Weinstock.  
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Unfortunately, the Weinstock et al. study did not test KCl or KBr, the species in which we found 
the most dramatic increase in effect. 
There are potential biological and biomedical consequences to the persistence length of 
collagen being affected by ions in solution.  Diseases that have associated modifications in 
extracellular ion concentrations, such as kidney disease or Addison’s disease, would cause 
changes in the mechanics of the extracellular matrix (ECM), as would more acute conditions 
such as dehydration.  The response of collagen to the ions in solution also provides the body with 
another mechanism by which local changes in the ECM might be created.  Additionally, 
researchers developing scaffolds for tissue engineering might be able to use the concentrations of 
ions in the bathing solutions to fine-tune the mechanics in their systems. 
 
 
 
Conclusions 
 
In conclusion, it was found that ions bind to type I collagen in a preferential manner and 
that the differences in bound ionic species, produce measurably different conformational changes 
in the molecules.  These conformational changes were reflected in the persistence length of the 
molecules, and thereby in their mechanical properties.  Given the key role of the fibrillar 
collagens in determining the mechanics of the extracellular matrix, these observations have 
implications for ECM biology.  This study also lends explanation to the large discrepancy in 
persistence length values of type I collagen present in the literature. 
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CHAPTER FOUR: 
THE EFFECTS OF TEMPERATURE ON THE STABILITY OF MOLECULAR TYPE I 
COLLAGEN 
 
 
 
Abstract 
  
Leikina et al. published a study in 2002 that demonstrated that type I collagen is 
thermally unstable at body temperature[1].  Since then, numerous studies have expanded on this 
idea and investigated temperature effects on the fibril and tissue scales[2-5] or have expanded the 
study using methods that do not directly image the molecules[6-8].  Temperature stability of the 
collagen molecule and how that relates to the molecular conformations are of great importance. 
 Previous to Leikina et al., studies on temperature dependence focused on melting and 
denaturing temperatures[9-11].  However, these studies do not have direct measurements of the 
molecular conformations leading up to and during the denaturing process.  Probing the 
denaturing process and thermal stability of type I collagen will aid in our understanding of the 
complex behavior of the molecule. 
 In this study, molecular type I collagen will be held at 37 degrees Celsius for varying 
times.  The molecules will then be deposited onto mica and imaged with atomic force 
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microscopy.  This ‘proof of principle’ study shows that the number of molecules in solution 
decreases over time while being held at body temperature. 
 
 
 
General Procedure 
 
 The initial goal of this study was to image molecular collagen with AFM while 
submerged in the ionic solution.  Once stable imaging was achieved, the temperature would be 
slowly increased to body temperature as the molecules were continuously imaged.  This would 
allow for real-time tracking of molecular conformational changes, unraveling of the triple helix, 
and other degradation of the molecule. 
 Stable and clear images of molecular collagen in liquid could not be achieved.  The 
molecules were not chemically bound to the surface because this would eliminate the possibility 
for conformational change.  Without being bound to the surface, the molecules were too mobile 
to image with any clarity. 
 Without being able to image the process in real-time, a ‘snapshot’ approach was taken.  
The idea is that the molecules will be brought to and held at body temperature for varying times 
at which the snapshots are taken.  The snapshots are taken by removing the heated solution 
containing the collagen molecules, depositing onto mica, drying, and imaging.  The resulting 
imaged conformations and molecular densities are representative of the molecules in solution at 
that time.  Another advantage of this method is that the molecules remain in the three 
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dimensional environment until deposition, and not restricting the conformational changes to two 
dimensions. 
 
 
 
Materials and Methods 
 
 A stock solution of 0.51 wt.% bovine type I collagen in 0.01M HCl was obtained from 
MiMedx, Inc. (Tampa, FL).  This collagen stock was extracted from bovine dermis using a 
pepsin digestion step in the purification process.  The resulting molecule, called tropocollagen, 
consists only of the collagen triple helix.  The stock solution was diluted into a 1000:1 ratio of 
0.1M NaCl to collagen stock. 
 5mL of the refrigerated collagen dilution was deposited into an Asylum Research 
Bioheater Stage (Asylum Research, Santa Barbara, CA).  A glass cover was placed over the 
stage to minimize evaporation.  The collagen solution was heated to 37.0 degrees Celsius at a 
ramping rate of 2 degrees per minute.  The Asylum Research Bioheater Stage has a temperature 
control accuracy of 0.1 degrees Celsius{reference}. 
Samples were taken after holding at 37 degrees Celsius for 0, 30, 45, 60, 75, and 90 
minutes.  Each sample was taken by removing 50µL of the heated collagen solution, immediately 
depositing onto freshly cleaved mica for 20s, briefly rinsing with DI water to halt the deposition 
process, and gently drying under Ni flow.   
The mica samples were imaged in AC mode with an Asylum Research MFP-3D AFM.  
For each sample 3µm X 3µm images were taken at a resolution of 512 X 512 pixels.  All 
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molecules that were completely imaged within the scan area were counted.  Only molecules 
measuring above 200nm in length were counted. 
  
 
 
Results 
 
 The molecular density of type I collagen molecules, as deposited on freshly cleaved mica, 
decreased as the molecule-rich solution was held at body temperature, see Fig. 4.1.  As a control, 
the 0 minute samples were taken when the solution reached 37 degrees Celsius. This preliminary 
study shows that the density of type I collagen molecules decreases by over 50% after 90 
minutes. 
 
 
!
Figure 4.1 The average molecular density of type I collagen molecules as a function of extended 
heating.  The error bars on this graph represent the standard deviation. 
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Discussion 
 
 This ‘proof of principle’ study has demonstrated that the affect of temperature on 
molecular type I collagen is an area that warrants further investigation.  The next step would be 
to measure molecular density as a function of time, while being held at 37 degrees Celsius, of 
molecular collagen in a physiological or fibril forming buffer.  This would give a more accurate 
representation of molecular collagen in situ.  Going further in depth into the effects of 
temperature could show a change in the persistence length of the molecule over time, enhanced 
imaging may be able to show unraveling of the triple helix, and investigating the effects of 
temperatures beyond 37 degrees Celsius could provide further information on the structural 
changes of collagen at elevated temperatures. 
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CHAPTER FIVE: 
FABRICATING AND MEASURING THE NON-LINEAR OPTICAL PROPERTIES OF 
TYPE I COLLAGEN MEMBRANES[1] 
 
 
 
Abstract 
 
 A novel fabrication method for creating anisotropic collagen membranes has been 
developed[2, 3].  By employing a unique flow-casting method, collagen membranes are 
engineered layer-by-layer.  The human corneal stroma is comprised of collagen fibril lamella 
whose orientation varies from layer to layer[4-6].  Near the center of the cornea, the fibrillar 
orientations between lamella are orthogonal.  The flow-casting method employed herein easily 
allows for precise control of fibrillar alignment in each layer.   
Evaluation and measurement of the optical properties and structural characteristics of 
artificial collagen membranes are necessary when engineering collagen-based tissues such as 
artificial cornea.  In this study, linear birefringence (LB), linear dichroism (LD), and the optical 
rotatory power (ORP) of artificial anisotropic collagen membranes were measured with the 
generalized-High Accuracy Universal Polarimeter (G-HAUP).  Absorbance measurements were 
also conducted with a conventional UV-Vis spectrophotometer.  As a result, optical 
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transparency, optical anisotropy, and optical activity in artificial collagen membranes were 
successfully evaluated. 
 
 
 
Introduction 
 
Many natural polymers and their synthetic analogues have been used as biomaterials in 
the field of tissue engineering.  In particular, the use of collagen as a biomaterial has been widely 
developed because of its biological characteristics such as biodegradability and weak 
antigenicity.  Collagen has attracted much attention as a primary resource for medical 
application.  Collagen-based biomaterials cover a wide range of clinical applications such as 
reconstructions of bone, blood vessels, corneal stroma, and regenerations of peripheral nerves[7-
11]. 
Collagen is also an important protein in the human body.  Its molecules form aggregates 
such as microfibrils, fibrils, fibers, and bundles to maintain mechanical and functional properties 
in tissues and organs[12].  The orientation and structure of collagen molecules/aggregates plays 
an important role in the properties of tissues[8, 11, 13-16].  For example, the mechanical and 
optical functions of corneal stroma are strongly related to the unique orientation and lamella 
structure of the collagen fibrils[4-6].  The development of anisotropic collagen membranes, for 
artificial corneal applications, requires mimicking the complex orientation and lamella structure 
of native corneal stroma.  
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High strength magnetic field application, electro-spinning, and dip-pen nanolithography 
techniques have enabled the fabrication of anisotropic collagen membranes[17-19].  However, 
these techniques often require large, expensive, and complex equipment that may not be suitable 
for practical use.  Moreover, these techniques typically do not allow the ability to control the 
degree of orientation of collagen fibrils or to easily vary the number and thickness of the lamella 
for mimicking the three-dimensional structures of tissues and organs[20].  Versatility in 
controlling fibrillar orientation, lamella thickness, and overall membrane thickness are of great 
importance. 
Recently, we developed a novel fabrication method of creating anisotropic collagen 
membranes[3].  Each membrane was constructed layer-by-layer and the thickness and fibril 
orientation of each lamellae was controlled.  The laminated collagen membranes, fabricated 
using this method, are good candidates for evaluating the orientation and structure of the 
collagen molecules/fibrils for the following two purposes: first, to develop an evaluation method 
of collagen membranes with preferred orientation and second, to clarify differences in 
orientation, structure, and optical properties between collagen membranes with parallel and 
orthogonal lamination.  
As a useful method to evaluate the degree of preferred orientation and molecular 
structure of collagen membranes, we focused on the simultaneous and accurate measurements of 
optical anisotropy including linear birefringence (LB), linear dichroism (LD), and chiro-optical 
properties such as optical rotatory power (ORP) and circular dichroism (CD) of the membranes.  
However, the simultaneous measurement of LB, LD, ORP and CD in anisotropic materials is 
extremely difficult.  The observed ORP and CD signals are overwhelmed by LB and LD signals 
because they are 103- 104 times greater than the ORP and CD signals[21, 22].  Therefore, 
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conventional optical instruments, such as polarimeters and CD spectrophotometers, cannot 
accurately measure the ORP and CD signals of anisotropic materials except in a specific case: 
only along the optic axis.  Thus, the simultaneous measurement of optical anisotropy and chiro-
optical properties in anisotropic collagen membranes remains a crucial issue to be solved.  
In 1996, Kobayashi and Asahi[24, 25] extended the principle of the original HAUP 
method[23] to measure anisotropic absorbing materials.  We can now simultaneously measure 
LD and CD in addition to LB and ORP with this extended HAUP method, G-HAUP.  The G-
HAUP is a universal chiro-optical spectrophotometer.  It differs substantially from the original 
HAUP method in both measurement theory and optical systems.  This expansion, developed by 
Kuroda and coworkers[26], has allowed G-HAUP to also measure the ORP and CD of 
anisotropic materials. 
In this study, the optical anisotropy and optical activity, i.e. ORP, in manufactured 
collagen membranes with parallel and orthogonal lamination were evaluated with the extended 
HAUP method, G-HAUP.  
 
 
 
Materials and Methods 
 
The collagen membranes were fabricated using the method outlined in Tanaka, et al.[3].  
The fabrication method was divided into four steps: flow-casting, fibril formation, dehydration, 
and lamination.  In the flow-casting step, a 3% atelocollagen solution (Atelocollagen Implant, 
Koken, Tokyo, Japan), which is a pepsin-treated collagen dissolved in phosphoric acid buffer 
! 79 
solution, was centrifuged onto a SiO substrate (Oken, Tokyo, Japan).  The substrate was 
mounted on a handcrafted stage with a swing-type centrifugal machine (Himac CF16RX, Hitachi 
Koki, Tokyo, Japan).  The centrifugation was performed at low temperature, 4°C, to prevent 
fibril formation as the solution is spread into a thin layer, see Figure 5.1. 
 
 
 
Figure 5.1 A schematic illustration of the collagen flow-casting process.  A collagen solution is 
applied to the top of a glass substrate, placed in the hand-crafted stage, centrifuged at 4°C, 
incubated at 37°C to form fibrils, and dried at low temperature (4-8°C). 
  
 
After centrifugation, the collagen formed a thin and confluent layer of molecules on the 
surface. In the fibril formation step, the substrate, with the thin molecular collagen layer, was 
incubated at 37 °C for 30 minutes.  During the incubation process, the collagen molecules 
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aggregated and self-assembled into collagen fibrils.  Due to spinning, the fibrils were oriented in 
the direction of flow. 
In the dehydration step, the collagen fibril layer was refrigerated at 4 °C until dried. 
These steps were repeated many times to laminate the collagen layers. This characteristic 
fabrication method provides each collagen layer with a preferred orientation by turning, at each 
flow-casting step, the substrate. In this study, we fabricated five types of collagen membranes. 
The fabrication conditions of the collagen membranes are listed in Table 5.1.  
 
 
Table 5.1 Fabrication conditions for the collagen membranes presented in this study. 
Sample Relative Centrifugal 
Accelerationα (xg) 
Fibril 
Formation 
Lamination Direction, 
# of Layers 
Thickness 
(µm)β 
A 769 No Parallel, 4 layers 8.63 ± 0.64 
B 769 Yes Parallel, 4 layers 8.73 ± 0.48 
C 1968 Yes Parallel, 4 layers 3.61 ± 0.30 
D 769 No Orthogonal, 4 layers 7.45 ± 0.46 
E 769 Yes Orthogonal, 4 layers 9.08 ± 0.21 
α The unit of relative centrifugal acceleration is defined as the ratio of centrifugal acceleration to 
gravitational acceleration of the earth, g.  
β Thickness of the collagen membranes were measured with the film thickness meter (Alpha-
Step 500, KLA Tencor, Kanagawa, Japan).  Presented is the average and standard deviation of 6 
thickness measurements. 
 
 
 
To clarify differences due to the fabrication conditions, we observed the fabricated 
collagen membranes by polarized light microscopy (DMLP, Leica, Hesse, Germany) with a λ or 
retardation plate.  These polarized light microscopy images were necessary to determine the fast 
axis of the membranes.  The fast axis is the axis along which the polarized ray experiences the 
largest index of refraction, and thus a faster speed through the material.  The determination of the 
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fast axis was an important step because the material was placed into the G-HAUP apparatus 
based on the direction of the fast axis. 
AFM images taken in tapping, or AC, mode (MFP-3D-IO-OLY, Asylum Research, 
California, USA) were performed to investigate the surface morphology of the membranes.  
Silicon AFM cantilevers with a nominal resonance frequency of ~60 kHz and a spring constant 
of about 2 N/m were used with an imaging scan rate of 1.0 Hz and scanning density of 512 
points and lines per 20 micron scan. 
 
 
 
Figure 5.2 Polarized light microscope images of collagen membranes.   The details for the 
fabrication of the samples are in Table 5.1. Samples A and B are parallel and sample D is 
orthogonally oriented.  Also, samples A and D do not include the fibril formation incubation 
step.  The black scale bar represents 1mm and the arrows indicate collagen flow directions.  The 
angles at the top of the figure are the angles through which the sample was rotated. 
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Fig. 1  Schematic image of the flow-casting step of the fabrication 
method of the collagen membranes.16 
 
Table. 1  Fabrication conditions of the collagen membranes. 
Sample Relative centrifugal 
accelerationa 
Fibril 
formation 
Direction/number of 
lamination 
Thickness 
(µm)b 
A 769×g - Parallel, 4 layers 8.63±0.64 
B 769×g + Parallel, 4 layers 8.73±0.48 
C 1968×g + Parallel, 4 layers 3.61±0.30 
D 769×g - Orthogonal, 4 layers 7.45±0.46 
E 769×g + Orthogonal, 4 layers 9.08±0.21 
a The unit of the relative centrifugal acceleration (×g) is defined as ratio of centrifugal 
acceleration to gravitational acceleration of the earth. 
b The thickness of the collagen membranes were measured with the film thickness meter 
(Alpha-Step 500, KLA Tencor, Kanagawa, Japan). 
 
In this study, the optical anisotropy and optical activity ,i.e., ORP in 
collagen membranes with parallel lamination and orthogonal 
lamination were evaluated with the extended HAUP method to 
accomplish the above-mentioned purposes. 
We fabricated the collagen membranes by our method.16  The 
fabrication method is divided into four steps: flow-casting, fibril 
formation, dehydration, and lamination.  In the flow-casting step, an 
3 % atelocollagen solution (Atelocollagen Implant, Koken, Tokyo, 
Japan), which is a pepsin-treated collagen dissolved in phosphoric 
acid buffer solution, is centrifuged onto a tilted SiO2 substrate (Oken, 
Tokyo, Japan) mounted on a handcrafted stage with a swing-type 
centrifugal machine (Himac CF16RX, Hitachi Koki, Tokyo, Japan) 
to spread the solution into the thin layer (Fig.1).  In the fibril 
formation step, the wet collagen layer spread on the substrate is 
incubated at 37 °C for 30 minutes.  In the dehydration step, the 
collagen layer is refrigerated at 4 °C until dried.  These steps are 
repeated again nd g in to laminate collagen layers.  This 
charact ristic f brication method provides each collagen layer with 
preferred orientation, and we can control directionalities of each thin 
single-layer by turning the substrate mounted on a handcrafted stage 
at each flow-casting step.  In this study, we fabricated five types of 
collagen membranes.  The fabrication conditions of the collagen 
membranes are listed in Table. 1. 
 
 
Fig. 2  Polarized light microscop  image * (a) and AFM images** 
(b) of the collagen membranes.
* The black lines represent the scale bar (1 mm) and the black arrows represent the 
flowing direction of each thin single-layer. 
** Si tips with a resonance frequency of ~60 kHz and a spring constant of about 2 Nm-1 
were used and the scan rate was 1.0 Hz with scanning density of 512 lines/frame. 
 
 
 
Fig. 3  Wavelength dependences of LB (a), LD (b) and ORP (c) of 
the collagen membranes. 
A black rhomboid, red square, blue triangle, green circle and purple rhomboid represent 
the Sample A, B, C, D and E, respectively. 
 
To clarify differences due to the fabrication conditions, we observed 
the fabricated collagen membranes by the polarized light microscope 
(DMLP, Leica, Hesse, Germany) with a λ plate and by AFM in 
tapping mode (MFP-3D-IO-OLY, Asylum Research, California, 
USA).  The polarized light microscope and AFM images of the 
collagen membranes are shown in Figs. 2 (a) and (b).  As Fig. 2 (a) 
shows, a homogeneous morphology is formed through the 
incubation procedure at 37 °C.  Moreover, as Fig. 2 (b) shows, the 
collagens are assembled into fibrils by the incubation procedure.  
Meanwhile, we can determine the optical character, i.e., the 
directions of fast and slow light rays of the collagen membranes with 
parallel lamination from Fig. 2 (a).23  The azimuth angles of -45 ° 
and +45 ° exhibit addition and subtraction configuration, 
respectively.   Therefore, we have found that the directions of fast 
light rays are perpendicular to the flowing direction of the collagen 
solution in the membrane fabrication. 
The optical anisotropy and optical activity in collagen membranes 
were measured with the extended HAUP method.  The wavelength 
dependences of the LB, LD and ORP of the collagen membranes at 
25 °C are shown in Fig. 3 (a), (b) and (c).  As Fig. 3 (a) shows, LB 
of the collagen membranes with parallel lamination is increased by 
both the incubation procedure at 37 °C and higher relative 
centrifugal acceleration at 1968×g.  Therefore our results indicate 
that the preferred orientation is increased by the incubation 
procedure, and the preferred orientation can be controllable by 
regulating the relative centrifugal acceleration.  LB of the collagen 
membranes with orthogonal lamination shows small values 
compared with parallel lamination samples.  We can regard 
orthogonal lamination samples as almost optical isotropic 
membranes, which are supported by the results of the polarized light 
microscope images (Sample D of Fig. 2 (a)). 
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The G-HAUP measurements were performed by first aligning the polarizer and analyzer 
to the crossed Nicol’s position.  See Figure 5.3 for a schematic representation of the G-HAUP 
apparatus.  The crossed Nicol’s position was located by measuring the intensity of light passing 
through the analyzer.  The crossed Nicol’s position was determined to be at the minimum.  In a 
perfect system, the intensity of light passing through the analyzer at crossed Nicol’s would be 0. 
 
 
 
Figure 5.3 A schematic representation of the G-HAUP apparatus.  Light enters the system 
through the polarizer, passes through the sample, and finally passes through the analyzer.  In the 
G-HAUP system, the angles of rotation of the polarizer and analyzer are controlled. 
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The membrane samples were placed into the G-HAUP apparatus in a temperature 
controlled 25°C environment.  The extinction point of the sample was located by passing 550nm 
wavelength light through the sample, rotating the analyzer ±5°, and measuring the intensity of 
light passing through the analyzer.  The determination of the fast axis from the polarized light 
microscopy images gave a general starting point for finding the exact extinction position. 
Basic HAUP measurements are taken by rotating the analyzer, about the extinction 
position, and by measuring the intensity of the transmitted light.  This was done for wavelengths 
of light between 390 and 680nm at 20nm increments.  The extended HAUP method performs the 
same intensity measurements as the general HAUP but also repeats these measurements at 
different initial positions of the polarizer. 
The thickness of each sample was measured using an Alpha-Step 500 (KLA Tencor, 
Kanagawa, Japan).  To achieve this measurement, part of the membrane was removed from the 
glass slide using a razor blade and tape.  The Alpha-Step measured the change in height between 
the membrane surface and the exposed substrate. 
 
 
 
Results 
 
The polarized light microscope and AFM images of the collagen membranes are shown 
in Figures 5.2 and 5.4.  Through the polarized light microscopy images, we can determine the 
optical character, i.e., the directions of fast and slow light rays in the collagen membranes with 
parallel lamination, Figure 5.2.  The azimuth angles of -45 ° and +45 ° exhibit addition and 
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subtraction configuration, respectively. We found that the orientation of the fast axis is 
perpendicular to the flow direction of the collagen solution during membrane fabrication.  Due to 
a lack of visible birefringence in the orthogonally oriented membranes, the fast axis could not be 
determined.   
 
 
 
Figure 5.4 Atomic force microscope, AFM, images of collagen membranes.  Both membranes 
are 4 layers of parallel orientation.  The image on the left has not been incubated to form fibrils 
(sample A) and the image on the right has been incubated to promote collagen fibril formation 
(sample B). 
 
 
The optical anisotropy and optical activity in collagen membranes were measured with 
the extended HAUP method.  The wavelength dependences of the LB, LD, and ORP of the 
collagen membranes, measured at 25 °C, are shown in Figure 5.5 (a), (b), and (c).  As Figure 5.5 
(a) shows, the LB of the collagen membranes with parallel lamination was increased by both the 
incubation procedure at 37 °C and a higher relative centrifugal acceleration of 1968xg. 
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Therefore, our results indicate that the preferred orientation was increased by the incubation 
procedure. 
LB of the collagen membranes with orthogonal lamination shows small values compared 
with parallel lamination samples.  We regard the orthogonal lamination samples as almost 
optically isotropic membranes.  This is supported by the results of the polarized light microscope 
images (Sample D of Figure 5.2).  
 
 
 
Discussion 
 
As Figure 5.2 shows, a homogeneous morphology was formed through the incubation 
procedure at 37 °C.  Samples A and D were not incubated in order to prevent fibril formation.  
During the low temperature dehydration process, cracks were formed in the membranes.  These 
cracks can be seen in the polarized light microscope images in Figure 5.2.  Note that sample B 
does not exhibit drying cracks.  This leads us to the conclusion that the formation of fibrils in the 
collagen membranes increased the structural integrity of the membrane. 
It is important to note the stark difference between parallel and orthogonally oriented 
collagen membranes when imaging by polarized light microscopy.  In the case of parallel 
orientation, the triple-helix of the collagen molecules and the direction of the collagen fibrils are 
all aligned parallel to each other with a rotation of 180° between each layer.  The images of 
samples A and B in Figure 5.2 show that the fast axis of the parallel oriented collagen membrane 
is perpendicular to the direction of fibrillar orientation.  The index of refraction of linearly 
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polarized light passing through the parallel oriented sample is highly dependent upon the angle 
of polarization. 
Compared with the polarized-light-microscopy images of the orthogonally oriented 
membrane, sample D in Figure 5.2, the birefringence of the sample appears to be almost 
eliminated.  This is due to the 90° rotation between each layer. Linearly polarized light will 
experience a similar optical environment at every angle. 
Also, as Figure 5.5 (b) shows, absolute values of LD for the collagen membranes with 
parallel lamination were increased by the incubation procedure and higher relative centrifugal 
acceleration. According to experiments of UV-Vis spectra, there is little absorption in the 
wavelength region of this study.  Therefore, these LD signals are not due to a difference in 
absorption between slow and fast light rays.   More likely, the LD signals are a result of light 
scattering due to diameter inhomogeneity and density fluctuation of the collagen fibrils.  LD and 
LB measurements of the collagen membranes with orthogonal lamination show small values 
compared with parallel lamination samples. 
As Figure 5.5 (c) shows, ORP of the collagen membranes indicates positive normal dispersion in 
this wavelength region. This implies that right-handed circularly polarized light propagates faster 
than left-handed circularly polarized light. The collagen molecule contains three left-handed 
GLY-X-Y sequenced α-chains.  The three left-handed α-chains combine to form a right-handed 
triple helix[8, 11, 15, 16].  Our present study of AFM images (Figure 5.4) combined with our 
previous study using SEM and TEM[3] indicate that the helical axes of collagen in the 
membranes are aligned along the direction of flow of the collagen solution during membrane 
fabrication. 
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Figure 5.5 Wavelength dependences of LB (a), LD (b) and ORP (c) of the collagen membranes. 
A black rhomboid, red square, blue triangle, green circle and purple rhomboid represent the 
Sample A, B, C, D and E, respectively.  
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Fig. 1  Schematic image of the flow-casting step of the fabrication 
method of the collagen membranes.16 
 
Table. 1  Fabrication conditions of the collagen membranes. 
Sample Relative centrifugal 
accelerationa 
Fibril 
formation 
Direction/number of 
lamination 
Thickness 
(µm)b 
A 769×g - Parallel, 4 layers 8.63±0.64 
B 769×g + Parallel, 4 layers 8.73±0.48 
C 1968×g + Parallel, 4 layers 3.61±0.30 
D 769×g - Orthogonal, 4 layers 7.45±0.46 
E 769×g + Orthogonal, 4 layers 9.08±0.21 
a The unit of the relative centrifugal acceleration (×g) is defined as ratio of centrifugal 
acceleration to gravitational acceleration of the earth. 
b The thickness of the collagen membranes were measured with the film thickness meter 
(Alpha-Step 500, KLA Tencor, Kanagawa, Japan). 
 
In this study, the optical anisotropy and optical activity ,i.e., ORP in 
collagen membranes with parallel lamination and orthogonal 
lamination were evaluated with the extended HAUP method to 
accomplish the above-mentioned purposes. 
We fabricated the collagen membranes by our method.16  The 
fabrication method is divided into four steps: flow-casting, fibril 
formation, dehydration, and lamination.  In the flow-casting step, an 
3 % atelocollagen solution (Atelocollagen Implant, Koken, Tokyo, 
Japan), which is a pepsin-treated collagen dissolved in phosphoric 
acid buffer solution, is centrifuged onto a tilted SiO2 substrate (Oken, 
Tokyo, Japan) mounted on a handcrafted stage with a swing-type 
centrifugal machine (Himac CF16RX, Hitachi Koki, Tokyo, Japan) 
to spread the solution into the thin layer (Fig.1).  In the fibril 
formation step, the wet collagen layer spread on the substrate is 
incubated at 37 °C for 30 minutes.  In the dehydration step, the 
collagen layer is refrigerated at 4 °C until dried.  These steps are 
repeated again and again to laminate collagen layers.  This 
characteristic fabrication method provides each collagen layer with 
preferred orientation, and we can control directionalities of each thin 
single-layer by turning the substrate mounted on a handcrafted stage 
at each flow-casting step.  In this study, we fabricated five types of 
collagen membranes.  The fabrication conditions of the collagen 
membranes are listed in Table. 1. 
 
 
Fig. 2  Polarized light microscope images* (a) and AFM images** 
(b) of the collagen membranes. 
* The black lines represent the scale bar (1 mm) and the black arrows represent the 
flowing direction of each thin single-layer. 
** Si tips with a resonance frequency of ~60 kHz and a spring constant of about 2 Nm-1 
were used and the scan rate was 1.0 Hz with scanning density of 512 lines/frame. 
 
 
 
Fig. 3  Wavelength dependences of LB (a), LD (b) and ORP (c) of 
the collagen membranes. 
A black rhomboid, red square, blue triangle, green circle and purple rhomboid represent 
the Sample A, B, C, D and E, respectively. 
 
To clarify differences due to the fabrication conditions, we observed 
the fabricated collagen membranes by the polarized light microscope 
(DMLP, Leica, Hesse, Germany) with a λ plate and by AFM in 
tapping mode (MFP-3D-IO-OLY, Asylum Research, California, 
USA).  The polarized light microscope and AFM images of the 
collagen membranes are shown in Figs. 2 (a) and (b).  As Fig. 2 (a) 
shows, a homogeneous morphology is formed through the 
incubation procedure at 37 °C.  Moreover, as Fig. 2 (b) shows, the 
collagens are assembled into fibrils by the incubation procedure.  
Meanwhile, we can determine the optical character, i.e., the 
directions of fast and slow light rays of the collagen membranes with 
parallel lamination from Fig. 2 (a).23  The azimuth angles of -45 ° 
and +45 ° exhibit addition and subtraction configuration, 
respectively.   Therefore, we have found that the directions of fast 
light rays are perpendicular to the flowing direction of the collagen 
solution in the membrane fabrication. 
The optical anisotropy and optical activity in collagen membranes 
were measured with the extended HAUP method.  The wavelength 
dependences of the LB, LD and ORP of the collagen membranes at 
25 °C are shown in Fig. 3 (a), (b) and (c).  As Fig. 3 (a) shows, LB 
of the collagen membranes with parallel lamination is increased by 
both the incubation procedure at 37 °C and higher relative 
centrifugal acceleration at 1968×g.  Therefore our results indicate 
that the preferred orientation is increased by the incubation 
procedure, and the preferred orientation can be controllable by 
regulating the relative centrifugal acceleration.  LB of the collagen 
membranes with orthogonal lamination shows small values 
compared with parallel lamination samples.  We can regard 
orthogonal lamination samples as almost optical isotropic 
membranes, which are supported by the results of the polarized light 
microscope images (Sample D of Fig. 2 (a)). 
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The collagen α-chains contain a unique repeated amino acid sequence, glycine-Xaa-Yaa, 
where Xaa and Yaa positions are often proline and hydroxyproline, respectively[8, 11, 15, 16].  
According to Djerassi[30], the ORP of proline-rich proteins can be readily changed by heat 
addition. However, significant differences of ORP due to the incubation procedure were not 
observed. We therefore do not believe that the incubation procedure affects the molecular 
structure of collagen. 
 The measured LB for the orthogonally oriented membranes is in line with other reports. 
For the linear birefringence of human cornea, see Table 5.2.  By orthogonally orienting the fibrils 
in the membrane layers, the effects of linear birefringence are reduced to almost 0. 
 
 
Table 5.2 Linear birefringence, LB measurements of common materials from the literature.  
References for each value are listed in the table.  The orthogonally oriented collagen membranes 
studied in this chapter have a measured LB that agrees with previously reported linear 
birefringence measurements of human cornea. 
Material LB 
Nylon66 [31] 6.0 ×10−2  
Polyvinyl chloride [31] 1.02 ×10−2  
(Sheep) wool [31] 1.0 −1.1×10−2  
Rat-tail tendon [32] 3.0 ×10−3  
Cat cornea [33] 3.0 ×10−3  
Human cornea [34] 1.59 ×10−3  
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Conclusions  
 
In conclusion, we have fabricated five types of collagen membranes using a novel 
method. The optical anisotropy and optical activity of these collagen membranes have been 
successfully evaluated with the extended HAUP method. As a result, we have found that 
measurement with the extended HAUP method is a powerful way to evaluate the orientation and 
structure of collagen molecules/fibrils of biomaterials. In the near future, We expect this novel 
technique to be applied  to other biomaterials such as collagen/hydroxyapatite bone-like 
nanocomposite materials.  
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APPENDIX A: 
INVESTIGATION OF VIABLE SURFACES FOR ATOMIC FORCE MICROSCOPE 
IMAGING OF MOLECULAR COLLAGEN 
 
  
 
 All of the data presented in this work that resulted from atomic force microscope, AFM, 
imaging are obtained from depositing molecular collagen onto freshly cleaved mica substrates.  
Mica is a commonly used imaging substrate due to it’s atomically flat and easy to cleave 
surface[1-6].  Mica is a naturally occurring layered mineral substance whose surface becomes 
negatively charged in the presence of water[7].  The mica used in this research, obtained from 
Ted Pella, Inc., is V1 grade muscovite mica.  It is primarily composed of silica (SiO2), alumina 
(Al2O3), and potassium oxide (K2O)[8].   
The mica used in this study was imaged and the average surface roughness was 
measured.  To measure the surface roughness, mica was freshly cleaved, and imaged with AFM 
in AC mode.  Six 1µmx1µm images were taken at a resolution of 512x512 pixels.  The RMS 
roughness was calculated for each image using the Asylum Research and Igor Pro software.  The 
average RMS roughness of the mica sample was calculated to 0.0686nm.  This is well below the 
1.5nm diameter of type I collagen[9].  Other substrates were tested for imaging viability: glass, 
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silicon, and layered graphite.  To be suitable for imaging, the substrates must have a flat surface 
and achieve good molecular deposition. 
 
 
 
Glass and Silicon 
 
 Premium cover glass (Fisher Scientific, Waltham, MA) with a thickness ranging from 
0.13 to 0.17 mm was obtained.  Type I molecular collagen was deposited onto the premium 
cover glass for 20 seconds from a 0.001M NaCl solution.  The resulting deposition clearly 
showed the molecules had deposited onto the surface, but the surface roughness is too high to 
achieve clear resolution and measurement of the molecules, see Figure A.1. 
Along with the premium cover glass, glass slides, and economy cover glass were also 
tested for their substrate viability.  The premium cover glass, seen in Figure A.1, provided the 
best results.  Two grades of polished silicon wafers were tested for their surface roughness and 
collagen deposition viability and found to be similar to the premium cover glass results. 
 
 
 
Graphite 
 
 A highly oriented pyrolytic graphite slab (HOPG) was obtained from Ted Pella, Inc.  The 
slab provides an atomically flat surface for imaging and is easily cleavable with tape, similar to 
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mica.  The graphite was freshly cleaved and a solution of 1000:1 0.001M NaCl:collagen was 
deposited onto the surface.  Depositing collagen on the graphite was not a simple task.  Long 
deposition times were required, 5 to 20 minutes, as opposed to the seconds it takes to deposit on 
mica.  Deposition tests that included and excluded a DI water rinse were also performed. 
It was found after deposition, that in all of the tests, the collagen molecules preferentially 
deposited on the cleave boundaries, see Figures A.2 and A.3.  The molecules also appeared to 
‘bunch up’ to minimize interaction with the graphite surface.  It was determined that graphite 
was not a suitable candidate for imaging molecular collagen with AFM. 
 
!
Figure A.1 An AFM image of molecular type I collagen deposited onto a premium glass 
coverslip. 
! 97!
!
Figure A.2 A large-scale AFM image of type I molecular collagen deposited onto cleaved 
graphite.  5µmx5µm scan area with a resolution of 512x512 pixels. 
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Figure A.3 An AFM image of molecular collagen deposited onto freshly cleaved graphite.  
5µmx5µm scan area with a resolution of 512x512 pixels. 
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